We propose an extension of the supersymmetric standard model with righthanded neutrinos and a singlet Higgs field, and study the neutrino masses in this model. The Majorana masses for the right-handed neutrinos are generated around the supersymmetry breaking scale through the vacuum expectation value of the singlet Higgs field. This model may induce spontaneous R-parity violation via the vacuum expectation value of the right-handed sneutrino. In the case, the effective theory is similar to a bilinear R-parity violating model. There are two sources for the neutrino masses: one is this bilinear Rparity breaking effect, and the other is the ordinary seesaw effect between left-and right-handed neutrinos. Combining these two effects, the hierarchical neutrino mass pattern arises even when the neutrino Yukawa matrices are not hierarchical. We acquire appropriate masses and mixings to explain both the solar and atmospheric neutrino oscillations. Typeset using REVT E X Recent Super-Kamiokande data provides convincing evidence for neutrino oscillations [1]. It strongly suggests the existence of neutrino masses at most a few eV. The standard explanation of such tiny neutrino masses is the seesaw mechanism [2], in which one introduces right-handed singlet neutrinos N i . The standard model gauge group does not forbid the Majorana masses M R between the right-handed neutrinos N i , which are usually placed near the unification scale, say M R ∼ 10 14 GeV. Bilinear R-parity violation in the supersymmetric model is another possible way of obtaining the neutrino masses [3]. This model is the extension of the Minimal Supersymmetric Standard Model [4] adding small bilinear terms L i H 2 to the superpotential. Originally the conservation of R-parity was introduced to avoid proton decay, so that lepton and baryon number are conserved in the MSSM. The R-parity breaking terms L i H 2 violate lepton num-
I. INTRODUCTION
the radiative correction to the soft scalar mass-squared drives it negative even if it is positive at the tree level. In this mechanism the origin does not remain the local minimum. This is applied to the electroweak symmetry breaking of the MSSM successfully. Another way is to introduce the large soft scalar trilinear couplings (A-terms) [8] . The origin remains a local minimum while there appears the global minimum which is far from the origin due to the effect of the large A-terms.
As mentioned above, when one considers the seesaw mechanism the right-handed Majorana masses M R are supposed to lie near the unification scale. This is based on the assumption that at least one of the Dirac-type Yukawa couplings f ν is of order unity. However, there are no reason a priori to expect f ν ∼ O (1) . In fact, almost all the Yukawa couplings in the Standard Model or the MSSM are much smaller than 1; the top Yukawa coupling is the only exception. 1 Therefore it is interesting to pursue the possibility that the right-handed Majorana mass scale M R is also low enough to be spontaneously generated at the weak or supersymmetry breaking scale, while the Dirac-type Yukawa couplings f ν are small enough to give appropriate seesaw masses of the left-handed neutrinos ν.
In this paper we propose a model where a singlet Higgs field S is added to the MSSM with right-handed neutrinos N i . We consider the most general superpotential consistent with Rparity and an overall Z 3 symmetry which forbids an explicit µH 1 H 2 term, without assuming any extra global symmetry. In particular, we do not impose lepton number symmetry by hand, so that the singlet S may couple to ordinary Higgs fields H 1 and H 2 , which means that the µ-term is spontaneously generated as well [9] .
Our model has an interesting parameter region where left-and right-handed sneutrinos acquire vevs and R-parity is spontaneously broken. In the vacuum with broken R-parity, the effective theory is similar to the bilinear R-parity violating model. There are two sources 1 Also bottom and tau Yukawa couplings become O (1) in the large tanβ (v 1 ≪ v 2 ) region of the MSSM.
for the left-handed neutrino masses m ν in this case. One is the ordinary seesaw effect with right-handed neutrinos N i and the other is the bilinear R-parity breaking effect.
Owing to the existence of these two effects, we can explain the hierarchical neutrino mass structure naturally. The seesaw mechanism with right-handed neutrinos provides masses for all generations, while the effect of the R-parity breaking provides mass only for one generation. Therefore one neutrino may be much heavier than the other two neutrinos. This paper is organized as follows: In section 2, we analyze the scalar potential of our model. In section 3, we investigate the neutrino masses with vevs considered in section 2. Section 4 is the summary of this paper. The detailed calculations of the vacua of the simplified potential are shown in the Appendix.
II. THE MODEL AND ITS VACUA
We add the singlet field S to the MSSM with right-handed neutrinos N i . We assign R-parity even for S and odd for N i , as usual. The most general superpotential consistent with R-parity conservation (up to the appropriate field redefinition) is
where The scalar potential corresponding to eq. (1) is
where
The term V MSSM soft represents the MSSM soft terms. (Note that the B-term BµH 1 H 2 is not included.) We have taken the common soft breaking parameters m and A for the singlet fields N i , S in eq.(6), motivated by the supergravity scenario [11] . That is, if we set the common trilinear coupling A and universal soft mass m at the Planck scale, the A-parameters and soft breaking masses composed purely of gauge singlets N i , S (namely, the terms inside the square brackets in eq. (6) ) are relatively insensitive to RGE running and so their values at the weak scale are approximately the same as the values at the Planck scale. In contrast, the MSSM soft terms run in the usual way. The term V D in eq.(4) represents the MSSM D-terms whose neutral components may be written as
2 There might be the cosmological domain wall problem associated with the spontaneous Z 3 symmetry breaking. This may be evaded by e.g. nonrenormalizable terms or inflation [10] . The vevs are determined by the minimization of the potential (4) . The right-handed sneutrino N may acquire a vev along with the S i.e. R-parity may be spontaneously broken.
In this case, the bilinear R-parity violating terms of the form f ν N L i H 2 arise as new sources of neutrino masses m ν . Notice that the vev for the right-handed sneutrino N does not induce spontaneous lepton number violation. In fact, neither lepton number nor any other global symmetry can be assigned to the superpotential (3). 3 Therefore an unwanted Nambu-Goldstone boson accompanied with spontaneously broken global symmetry is absent even if either S or N acquires a vev.
To gain more insight into the superpotential (3), we show the three lepton number restoring limits. The first is the limit f ν → 0. We assign L = 0 to both S and N i . This model forms the NMSSM [9] with extra singlet fields N i . The second limit is λ N → 0. This is also the NMSSM with right-handed neutrinos whose lepton number assignments are L = −1 for N and L = 0 for S. The third is λ H , λ S → 0. This model is called the singlet Majoron model, where L = −1 for N i and L = 2 for S [6] . In the singlet Majoron model, lepton number and R-parity are broken spontaneously by the vevs of the S and N. Now we show the mechanism which generates the vevs for S and N. As mentioned in the 3 The R-symmetry can be assigned as the charge 2/3 for all superfields, but it is broken explicitly by the soft supersymmetry breaking terms.
previous section, it is not very easy to generate the vevs in the supersymmetric model. We use the mechanism which requires a large A-term [8] . Let us briefly review this mechanism by using a simple model. Consider a superpotential
Then the scalar potential including the soft terms is given by
For simplicity, we take λ, A, m and φ to be real. Rescaling the field as x = (λ/m)φ, the potential becomes
The global minimum is at the origin x = 0 for |A| < 3, or at the point x = 0 for |A| > 3.
When A > 3, the vev and potential are given by
This situation is shown in Fig.2 schematically. It is interesting that both the vev and the depth of the potential depend on the inverse of λ. Therefore we may obtain the larger vev and the deeper minimum for smaller values of λ. Originally, efforts have been made to apply this mechanism to the electroweak symmetry breaking of the MSSM in the supergravity scenario, and it has turned out to be difficult [8] . The reason is that the smallest Yukawa coupling f e , f u , or f d produces a deeper minimum (where the electric charge is broken) than the desirable one, resulting in the breaking of the electric charge symmetry. In contrast, we apply this mechanism to R-parity breaking, leaving the explanation of electroweak symmetry breaking for, say, the radiative breaking.
Let us analyze the neutral components of the potential (4), and evaluate the vev for the singlet fields S and N. As an illustration, we first treat its simplified version analytically, ignoring the f ν and λ H terms. The f ν terms can be safely neglected. If we also ignore the λ H term, the singlets S and N i decouple from the other fields and the potential is simple enough to be treated analytically. We include λ H term as a perturbation later. 4 The relevant superpotential is given by
The scalar potential is written as
This potential has the same structure as eq.(9) and the S and N fields can acquire vevs if the A-terms are large enough.
For simplicity, we do not consider CP-violating effects, that is, we assume that all the parameters and vevs are real. The stationary conditions are given by
where the vevs are parameterized as
If n i is nonzero, eq.(16) reduces to
Obviously, eq.(19) cannot be simultaneously satisfied for all i = 1, 2, 3 with nonzero values of n i , when λ N i are arbitrary. The condition (19) does not change if one includes the λ H term. This means that only one of the three N i can acquire a vev and the other two vevs remain zero in our basis. 5 We choose parameters such that n 3 is nonzero. We will write n 3 and λ N 3 as n and λ N respectively, when it is clear from the context.
Let us classify the global minimum of the scalar potential (15) Next, we consider whether the above situation remains the same when we add the λ H S(H 1 H 2 ) term. Eq.(16) and eq.(17) are changed to
The f ν terms are neglected again. One can see from eq. (21) and eq.(22) that the solution corresponding to each case remains the global minimum (for
We have also confirmed this in the numerical calculations.
If one sets m extremely small or adds the term with large λ H ( > ∼ 1), the solutions with s = 0 will not correspond to be the global minimum anymore. The global minimum will then be the unacceptable case s = 0.
We note that even if we assume common A-terms at the Planck scale as in the supergravity scenario, it is easy to make the A-parameters for the charged fields small enough (|A charged | < 3) to avoid the charge breaking minima, while maintains the A parameters for the neutral fields S and N large enough (|A| > 3). This is because only A charged receives the radiative corrections from gaugino loops running from the Planck to weak scale.
III. THE NEUTRINO MASSES
We investigate the neutrino masses generated by a seesaw mechanism in which lefthanded neutrinos mix with both the right-handed neutrinos and neutralinos. The lefthanded sneutrinos acquire vevs induced by a vev of the right-handed sneutrino. This is because the nonzero vev of N 3 introduces the bilinear R-parity violating couplings
such that the vev of H 0 2 induces linear terms for the left-handed sneutrinos [3] . The stationary conditions with respect to left-handed sneutrinos are given by
where u i are the vevs of the left-handed sneutrinos. Ignoring the terms of the second order in f ν , we can easily solve eq.(24) as
Note that u is O(f ν ) multiplied by parameters of the order of the weak scale. It is always possible to change the basis of the lepton doublets as
so that only u ′ 3 takes nonzero value u ′ 3 = u. By this rotation, f ν changes as
Hereafter, we take this base and drop ′ from f ν .
In our model, neutrinos mix with neutralinos. The tree level mass matrix for neutrinoneutralino fields ν i , ψ N j , ψ S , ψ H 0 1 , ψ H 0 2 , B 0 , W 0 is given by 6 6 We have omitted the mass term f ν 3j
and 0 i×j is i × j submatrix whose components are all zero. Higgsino mass µ, Majorana masses of right-handed neutrinos M R , and Dirac masses m D between left-and right-handed neutrinos are respectively given by
The mass matrix for the three light neutrinos is given by
the 'reduced' gaugino mass parameter M is defined by
and v 2 ≡ v 2 1 +v 2 2 ≃ (174GeV) 2 . We have taken the parameterization v
Before presenting the numerical results, we provide qualitative explanations taking two limits in eq.(35). The first term −m Dik m Djk /M Rk in eq.(35) comes from the ordinary seesaw effect between left-and right-handed neutrinos as shown in Fig.1(a) . We denote this as 'usual seesaw'. The second term in eq.(35) is the characteristic of our model.
In the limit s → ∞ and v → 0, eq.(35) reduces to
which is simply the first term in the square bracket in eq.(35). This comes from the 'gaugino seesaw' effect shown in Fig.1(b) . The neutrino mass generation through the gaugino seesaw effect is characteristic of a bilinear R-parity violating model [3] . (As mentioned, our model has the effective bilinear R-parity violating coupling (23).)
If we take the limit M → ∞, eq.(35) becomes
The first term in eq.(39) is just the usual seesaw mass term. The second term in eq.(39) comes from the 'Higgsino seesaw' effect via the Dirac mass f ν n which mixes Higgsino ψ H 0 2 and left-handed neutrino of third generation, which originates from the effective bilinear R-parity breaking coupling (23). The origin of this second term in eq.(39) is the last term in the square bracket in eq.(35). The Higgsino seesaw effect is absent in the bilinear R-parity violating model. The difference is that if we rotate (L i , H 1 ) to eliminate the bilinear terms (23), there appear (L i H 2 )S terms which are absent in the bilinear R-parity violating model.
The interesting point here is that the neutrino mass matrix (39) is purely given by the usual seesaw effect except for its 3-3 element. The gaugino and Higgsino seesaw together work only for one generation, because we can always rotate the basis as in eq.(26). Thus the hierarchical neutrino mass structure arises even if the Dirac-type Yukawa couplings f ν are all the same order of magnitude. Now we show our numerical result in Fig.3 using the parameters explained as follows.
In the calculation, we treat the vevs of the Higgs fields v 1 and v 2 as inputs such that
where v ≃ 174GeV and tan β = 10. (This can be realized by solving the stationary conditions of the scalar potential with respect to H 0 1 and H 0 2 for the soft scalar masses m H 1 and m H 2 .) We search for the global minimum of the potential (4) to obtain the vevs for S and N using eq.(21) and eq.(22), and then evaluate the neutrino masses from the eigenvalues of the mass matrix (29). We input the soft supersymmetry breaking parameters as
motivated by the supergravity scenario. (The overall form of Fig.3 does not change if we set another inputs for soft breaking e.g. m 2 L = m 2 .) We take the following values for the Yukawa couplings:
The above parameters are chosen such that we obtain the global minimum with spontaneous R-parity violation n = 0 (corresponding to Solution 3 in the Appendix), and that we may account for the solar neutrino by the MSW effect [12] between ν e and ν µ and the atmospheric neutrino by mixing between ν µ and ν τ . With this choice, the mass of the third generation ∼ 5 × 10 −2 eV accounts for the atmospheric neutrino oscillations, and the mass of the second generation ∼ 3 × 10 −3 eV accounts for the solar neutrino oscillations.
We can see in Fig.3 that the third generation is substantially heavier than the other two due to the Higgsino and gaugino seesaw effect. The dotted line represents the usual seesaw effect for the third generation m D 2 3 /M R3 . The dashed line represents the Higgsino seesaw effect (the second term in eq.(39)). We can see that in the large m region, the gaugino seesaw effect shown in eq.(38) becomes dominant for the third generation. The reason is that s and n are both proportional to m (see eq.(A3) in the Appendix); hence we can show from eq.(32) and (33) that the usual and Higgsino seesaw effects (39) are inversely proportional to m, so that they are less significant in the large m region.
Let us now discuss the neutrino mixing. The neutrino mixing matrix U diagonalizes the m ν shown in eq. (35):
At first sight, it might seem difficult to maintain large mixing between the second and third generation as required to fit atmospheric neutrino data, because m ν is hierarchical (namely 3-3 element is largest). However, the observable mixing matrix [13] in the neutrino oscillation
where O is the arbitrary mixing matrix appearing in eq.(27), determined by the free parameters f ν 13 , f ν 23 and f ν 33 in the original basis of eq.(26). Therefore we may obtain sufficiently large mixing angle(s) to account for the atmospheric and/or solar neutrino oscillation(s).
IV. SUMMARY
We have studied the supersymmetric standard model with right-handed neutrinos N i and a singlet field S, without assuming extra symmetries such as lepton number. The Majorana masses of the right-handed neutrinos are spontaneously induced around the TeV region by the vev of the singlet field S, which is generated by the effect of the large A-term. The righthanded sneutrino N may acquire a vev as well, leading to spontaneous R-parity violation.
In this case, the effective theory is similar to a bilinear R-parity violating model.
There are two sources for the neutrino masses. One is the 'usual seesaw' mechanism between left-and right-handed neutrinos. The other is the bilinear R-parity violating effect coming from the terms f ν i3 nL i H 2 .
The usual seesaw contributes to all the elements of the neutrino mass matrix m ν ij , which generates suitable mass differences for the solar neutrino oscillation due to the MSW effect.
The mass difference appropriate for the atmospheric neutrino oscillation is obtained by the bilinear R-parity breaking effect which contributes only to the third generation. The hierarchical neutrino mass structure naturally arises even if one sets all the neutrino Yukawa couplings f ν to be of the same order. We may obtain suitable mixing angles for both the atmospheric and solar neutrinos.
APPENDIX A: THE VACUA OF THE SIMPLIFIED POTENTIAL
We investigate the vacua of the scalar potential (15). The solutions of the stationary conditions (16) and (17) may be classified into four types:
Solution 1:
:
where k = λ S /λ N (note that k > 0 in our base). The value of the potential (15) at each Solution is, respectively, 
otherwise Solution 2 becomes the global minimum. There is no region where Solution 4
becomes the global minimum. The reason is as follows. We look for the parameter region
This cannot be maintained for all k > 0. That is, Solution 4 is not global minimum.
Let us derive the condition (A9) for Solution 3. We consider the case A > 0 because the extension to the A < 0 case is trivial. The condition for n 2 > 0 is
The global minimum condition is given by
When A < 3 we rewrite the condition (A13) using eq.(A5) and eq.(A7) such that
which is inconsistent with eq.(A12). Therefore it is not Solution 3 but Solution 1 which represents the global minimum of the potential in the case of A < 3. When A > 3, The condition (A9) follows from eq.(A6), eq(A7) and eq.(A14). The condition (A9) is compatible with the condition (A12), and we may find nonzero solutions (A3) for n and s. As mentioned below eq.(19), only one of the three N i may acquire a vev. We isolate it by comparing the value of V 3 for each λ N i . (V 3 takes its minimum value when k = A − 1. Therefore if k 1 , k 2 , k 3 > |A| − 1, the right-handed sneutrino that acquires the vev is the one with the smallest λ N i . ) Fig.1(a) corresponds to the usual seesaw. Fig.1(b) corresponds to the gaugino seesaw. The gaugino mass values are M 2 = 2M 1 = 1TeV.
